Summary. Insulin resistance of the skeletal muscle is a key feature of Type 2 (non-insulin-dependent) diabetes mettitus. To determine whether a decrease of glucose carrier proteins or an altered subcellular distribution of glucose transporters might contribute to the pathogenesis of the insulin resistant state, we measured glucose transporter numbers in membrane fractions of gastrocnemius muscle of 14 Type 2 diabetic patients and 16 non-diabetic control subjects under basal conditions. Cytochalasin-B binding and immunoblotting with antibodies against transporter-subtypes GLLrT 1 and GLLrF 4 were applied. The cytochalasin-B binding values (pmol binding sites/g muscle) found in a plasma membrane enriched fraction, high and low density membranes of both groups (diabetic patients and non-diabetic control subjects) suggested a reduced number of glucose transporters in the plasma membranes of the diabetic patients compared to the control subjects (diabetic patients: 1.47 _+ 1.01, control subjects: 3.61 + 2.29,p _< 0.003). There was no clear difference in cytochalasin-B binding sites in high and low density membranes of both groups (diabetic patients: high density membranes 3.76 + 1.82, low density membranes: 1.67 _+ 0.81; control subjects: high density membranes 5.09 ± 1.68, low density membranes 1.45 _+ 0.90). By Western blotting analysis we determined the distribution of the glucose transporter subtypes GLUT 1 and GLUT 4 in the plasma membrane enriched fraction and low density membranes of seven patients of each group. In agreement with the cytochalasin-B binding data and despite a high variance within one group, the results show a clear decrease of GLUT 4 in the plasma membrane enriched fraction of diabetic patients compared to control subjects. In contrast, we found no difference in the distribution of GLUT 1 in diabetic patients and control subjects. In conclusion, despite a high variance of glucose transporter numbers in the skeletal muscle of different individuals fractionation of muscle samples clearly suggests that the number of GLUT 4 is reduced in the plasma membrane fraction of skeletal muscle of lean diabetic patients in the basal state.
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Insulin resistance of target tissues characterizes Type 2 (non-insulin-dependent) diabetes mellitus [1] [2] [3] [4] [5] . The molecular defects causing the insulin resistant state are not yet completely understood. Recent studies have shown that an impaired insulin signalling mechanism at the level of the insulin receptor kinase of skeletal muscle, liver and fat contributes to the pathogenesis of insulin resistance in Type 2 diabetes [6] [7] [8] [9] [10] . It is not known whether other defects at the level of post-kinase signalling to cellular effector systems should be assumed. Furthermore, a possible dysfunction of one major effector system, the glucose transporter, is still controversially discussed. Garvey et al. reported that the number as well as the intrinsic activity of glucose carriers are reduced in adipose tissue of obese Type 2 diabetic patients [23] . The major part of the insulin-dependent postprandial glucose uptake occurs in the skeletal muscle and it is believed that an insulin resistance of the glucose transport system of the muscle [28] plays a central rote in the development of Type 2 diabetes [1] [2] [3] [4] [5] . Glucose transporters exist in several isoforms (GLUT 1-5) [11] [12] [13] [14] [15] [16] [17] . The insulin effect on glucose transport appears to involve both translocation and activation of transporters [18] [19] [20] [21] [22] . A decreased expression and translocation of the GLUT 4 glucose transporter, but not of the G L U T i was found by Garvey et al. [29] , Berger et al. [30] , and Klip et al. [26, 31] in fat and muscle of rats with streptozotozin-induced diabetes. In contrast to these animal data, Handberg et al. [32] and Pedersen et al. [33} in their recent studies did not find a significant alteration in the G L U T 4 number in human skeletal muscle of diabetic patients or control subjects in the basal state. Both studies determined total GLUT 4 numbers, therefore these data do not exclude the possibility of an altered distribution of transporters between plasma membranes and intracellu-lar membranes in diabetic patients. An altered distribution of GLUT 4, but not of GLUT 1 was indeed very recently described for the skeletal muscle of streptozotocindiabetic rats [26] . The aim of our study was to determine the glucose transporters in subcellular fractions of skeletal muscle of diabetic patients to elucidate whether despite normal total carrier numbers a reduction of the functionally important plasma membrane carrier fraction exists in diabetic patients.
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The muscle samples were used for further studies following a selection procedure which included the following criteria: (1) light microscopic, electron microscopic and histochemical qualities of the tissue, (2) Methods for histological, histochemical and morphometric examination as welt as for measuring muscle enzyme activities have been previously described in detail [10] .
Subjects and methods

Materials
Porcine [l~I-TyrA14]-insulin (2200 Ci/mmol) and [32p]-ATP (3000 Ci/mmol), were obtained from New England Nuclear (Dreieich, FRG); aprotinin, phenylmethylsulfonylfluoride, poly (Glu 4:Tyr 1), leupeptin, pepstatin, benzamidin, bacitracin and leucine were obtained from Sigma (Munich, FRG). Wheat germ agglutinin coupled to agarose was obtained from Miles (Eschwege, FRG); Triton X-100, all reagents for sodium dodecyl sulphate (SDS) -potyacrylamide gel electrophoresis (PAGE) and the protein assay were from Bio Rad (Munich, FRG). For autoradiography X-Omat AR5 diagnostic film from Kodak (Rochester, NY, USA) was used. The Ultra Turrax was from IKA-Werk, Janke & Kunkel KG, (Stanfen i. Breisgau, FRG). Porcine insulin was purchased from Novo Industrie (Bagsvaerd, Denmark). The polyclonal serum directed against the C-terminal end of GLUT 4 was a kind gift of Dr. T: Ploug, Copenhagen, Denmark, the polyclonal serum against GLUT 1 was obtained from WAK-Chemie (Homburg, FRG), nitrocellulose from Schleicher and Schuell (Dassel, FRG), the chemiluminescence detective system was purchased from Amersham (Braunschweig, FRG).
Selection of tissue samples
Two groups of patients were chosen: one diabetic and one nondiabetic group of 60-to 80-year-old patients who underwent a leg amputation as a result of peripheral arteriovascular complications. Tissue specimens of musculus gastrocnemius were taken directly from the operating table, cut into small pieces (about 0.3 g), immediately frozen in liquid nitrogen and stored at -70 °C.
InsuEn and glucose levels in patient serum
Insulin levels were determined in morning serum samples of all patients by the commercially available insulin ELISA EnzymunTest Insulin from Boehringer, Mannheim, (Mannheim, FRG) on the automated ELISA-machine ES22, also from Boehringer, Mannheim.
Glucose levels were measured in samples taken into standard tubes containing sodium fluoride from Sarsted (Ulm, FRG) using the glucose-dehydrogenase-method Granutest 250 from Merck (Darmstadt, FRG), and the enzyme anatyser ACP 5040 from Eppendorf (Hamburg, FRG). Means were then calculated for each patient.
Subcellular fractionation of skeletal muscle
To prepare plasma and microsomaI membrane fractions appro~-mately 3-4 g muscle were minced by an Ultra Turrax (2 x 20 s) on ice in 20 ml buffer containing 10 mmol/1 NaHCO3, 5 mmol/1 NaN3 at pH 7. The muscle homogenate was then pottered ten times for 10 s in a Teflon/glass potter. The homogenate was then further treated as described in the flow sheet ( Fig. 1 ) using a TES-buffer containing 2 mmol/1 Tris, 1 mmol/l EDTA, 255 mmol/1 sucrose, 10 gg/ml aprotinin, 1 mmol/1 phenylmethylsulfonylfluoride, 0.2 mg/ml bacitracine, 0.2 mg/ml benzamidine, 100 mmol/1 sodinmfluoride, 10 mmot/1 tetra-sodium diphosphate decahydrate, I mmol/1 vanadate at pH 7.4. To obtain the high density fraction the first pellet of the procedure leading to low density membranes was again resuspended and centrifuged for 30 min at 30000 x g. For all other details see Fig lum fraction) and uridine diphosphate (UDP)-galactosyl-transferase activity (enriched in Golgi apparatus) of each fraction and in the original homogenates [34, 35] . Protein concentration was determined by the Bio-Rad assay.
Cytochalasin-B binding (CBB) assay
The concentration of D-glucose transporters in the membrane fractions was assessed using a specific D-glucose-inhibitable CBB assay, developed by Wardzala and Cushman [18] and modified by Karnieli [36] . The CBB assay was carried out as outlined by Miihlbacher et al. [20] . Briefly, in each assay we used 11 different cytochalasin-B concentrations (2 x 10 -s -4 x 10 -7 mol/1) in the test. 14C-urea was used to determine trapped, unbound 3H-cytochalasin B in the pelleted membranes, obtained during the binding assay. Therefore it was added in equivalent proportion of final 14C to the concentration of 3H-cytochalasin B. From the resulting 11 point CBB curves the number of glucose inhibitable binding sites and the affinity constants were determined by Scatchard analysis.
of Laemmli. Proteins were transfered to nitrocellulose by electroblotting (buffer: 192 mmolfl glycine, 25 mmol/1 Tris, 20 % MeOH, pH 8.3, 3 h, 200 mAmpere). Following transfer, the filters were blocked with 5 % non-fat dry milk in phosphate-buffered saline (PBS) for 1 h at 37 °C and subsequently incubated with the first antibody (dilution in PBS, 1% dry milk) overnight at 4 °C. After incubation with the specific antibody, nitrocellulose was washed several times in Tris-buffered saline (20 mmol/1Tris, 150 mmol/1NaC1, 2.5 % non-fat dry milk, 1% Triton X-100). Anti-rabbit horseradish peroxidase labelled IgG was bound to the immuncomplexes and visualization of the immunolabetled bands was carried out by addition of a chemiluminescence reagent followed by autoradiography.
Stat&tical analysis
CBB data from subcelhflar membrane fractions of normal and diabetic human skeletal muscle were compared using an unpaired Student's t-test. Differences between the two groups were accepted as significant forp _< 0.01, and as not significant forp > 0.01.
Western blotting
Western blotting was performed as recently described elsewhere [37, 38] . Membranes (10 gg protein) were subjected to SDS-PAGE on a 7.5 % gel in the presence of 10 mmol/1 dithiothreitol using the system Type 2 diabetic 14 72+4 23+1 10_+1.1 25_+5 gastrocnemius The fasting glucose levels for each patient are mean values of three to four morning glucose measurements during clinical treatment; fasting insulin levels were obtained from one serum sample taken in the morning before breakfast, 2-3 weeks after the amputation when the patients were no longer on bed rest (all data given as means + SEM)
Results
The selection of skeletal muscle biopsies
Muscle samples were collected from Type 2 diabetic patients and n o n -d i a b e t i c control subjects. A f t e r the selection p r o c e d u r e described below, 16 control subjects and 14 diabetic patients were eventually included in the study. T h e clinical characteristics of these patients are shown in Table 1 . The enzyme activities were measured twice for each patient as described in Subjects and methods• The units of activity were normalized for NCPs. Muscle samples with activities which were not within the given range were excluded from further characterization were measured. Furthermore the amount of non-collagen protein was determined. Samples which showed signs of ischaemia or enzyme abnormalities were exluded and only normal tissue was further used. The selected skeletal muscle samples belong to two groups: Group 1, composed of 16 muscle samples obtained from musculus gastrocnemius of non-diabetic subjects and Group 2, composed of 14 gastrocnemius samples from diabetic patients; patients in both groups underwent leg amputation.
The fibre composition of the selected muscle samples was determined histologically (Fig. 2) . There was no difference in fibre composition, number and size between diabetic and control patients (Fig. 3) . There was also no difference in muscle enzyme activities between these groups (Table 2) . 
Cytochalasin-B binding (CBB) assay
Membrane fractions were prepared as described in Subjects and methods above. To assess the purity of the membrane preparations, marker enzymes were determined and the results are shown in Table 3 . Na]K-ATPase was determined as a marker enzyane for ptasma membranes. NADH-cytochrome C reductase was employed as marker for the high density membrane fraction and UDP-galactosyl-transferase as marker for the low density membrane fraction. Using human skeletal muscle we were unable to obtain the purity of the fractions which we had earlier found in rat fat cells [20] and in rat skeletal muscle and rat heart (unpublished data). The cross contamination of membrane fractions from human muscle is considerably higher. CBB was determined in the plasma membrane enriched fraction, high density membranes and low density membranes from the skeletal muscle samples of the different patient groups. Figure 4 shows a derived Scatchard plot of CBB binding to all three membrane fractions for one representative non-diabetic control subject and one diabetic patient. Transporter numbers and affinities were determined for each patient separately in this way by CBB-Scatchard plots• There was no significant difference in affinity values for transporters from non-diabetic skeletal muscle and diabetic skeletal muscle• The individual transporter numbers as determined by derived Scatchard plots are shown for all 14 diabetic and 16 control subjects in Figure 5 . To exclude an influence of a "day to day" variation we always performed at least one diabetic muscle preparation in parallet to one non-diabetic control on the same day with all preparation steps done in parallel. Furthermore, when enough muscle was available, the membrane preparation was repeated once for this patient. 
Western blotting
To study the distribution of different glucose transporter subtypes we performed Western blotting with subcellular membrane fractions of the muscle samples of seven patients of each group and specific antibodies against two different glucose transporter subtypes, G L U T 1 and G L U T 4. An equal amount of protein (10 gg) of the plasma membrane enriched fraction and the LDM-enriched fraction was subjected to SDS-PAGE, immunoblotted, and incubated with a chemiluminescence reagent to visualize the specific 45 kDa glucose transporter band. seven diabetic patients and seven control subjects immunoblotted either with antibodies against GLUT 1 or GLUT 4. Each band represents one patient, respectively one control subject. As both groups showed a high interindividual variation autoradiographs are arranged according to the intensity of the glucose transporter bands. Whereas the intensity of the G L U T 1 bands revealed no obvious difference between the control group and diabetic patients the GLUT 4 autoradiographs show a decrease of GLUT 4 labelling in diabetic samples compared to control subjects. The autoradiographs of the low density membrane enriched fraction are shown in Figure 7 .
No obvious difference in range is seen in either G L U T 1 labelling or in GLUT 4 labelling.
D i s c u s s i o n
The data of both methods, the CBB assay and the Western blotting, show in the basal state a decreased range of glucose transporters specifically G L U T 4 in a plasma membrane enriched fraction of skeletal muscle in diabetic patients. No major difference in GLUT 1 distribution is seen. This result is in good agreement with rat skeletal muscle data [26, 39, 40] . It is, however in contrast to the studies of Pedersen et al. [33] and Handberg et al. [32] in human muscle. One possible explanation for the discrepancy is the different source of the muscle samples, which was musculus vastus lateralis in these studies [32, 33] and musculus gastrocnemius in our study. Furthermore differences of the age of the study groups might be important. The difference might also be explained by the fractionation procedure. Fractionation might, on the one hand, be necessary to unmask a small difference which is not detected when unfractionated materialis used. On the 461 other hand, fractionation is a possible source of artefacts.
To evaluate the significance of these results a possible influence of sample selection and tissue conditions should also be discussed. To characterize the glucose carrier numbers after fractionation of subcellular membranes, greater amounts of skeletal muscle are required than those which can be obtained with needle biopsies. To use muscle samples from leg amputation is an experimental possibility which solves the problem of tissue quantity. On the other hand, it restricts the study to a characterization of the basal state as all patients are operated after the usual fasting period. A major concern, however, using such tissue samples is to avoid a possible influence of chronic tissue ischaemia. To assess an influence of chronic ischaemia we measured the activit 3, of several enzymes. In particular phosphofructokinase is known to be very sensitive to ischaemia. As there is no difference in these enzyme activities between Groups 1 and 2 ischaemia might be excluded as an explanation for the observed lack of glucose carriers in the diabetic population. There was also no difference concerning all other muscle enzymes examined or the different membrane enzymes which were used as marker enzymes between the two groups. Similarly the ratio of type I and type II fibres as well as their morphological characteristics were not different between diabetic and non-diabetic subjects. As a further control we determined 125I-insuiin binding in plasma membranes from diabetic patients and control subjects, with no difference shown between the groups (data not shown). A further mechanism which could influence the results of glucose carrier determination is the quality of the membrane preparation. The preparation of membrane fractions from skeletal muscle is known to be considerably more difficult than the membrane preparation from fat cells [20] . Despite the modified preparation procedure applied here the impurity of the different membrane fractions as determined by the distribution of marker enzymes is still considerably high. However, it is important to note that there is no significant difference in protein recovery or cross-contamination of the different membrane fractions between the control and diabetic group. Therefore, cross-contamination cannot explain the reduced number of glucose carriers found in the diabetic plasma membrane fraction. It is evident that both the control and the diabetic groups show a high variation of GLUT 4 as well as G L U T 1 labelling. While the range of GLUT 1 is widely superimposable between control subjects and diabetics, the range of GLUT 4 in the plasma membrane fraction is significantly decreased in diabetic patients. The individual variation in both groups is surprising. However, such a high individual variation in normal subjects and diabetic patients was also seen in other studies [28] suggesting that indeed a high variation of the individual capacity of the glucose transport system already exists in normal control subjects.
The discussion of the pathophysiological relevance of our data is limited by the following problems: 1) The data were obtained in the fasting state and it is unclear whether the lower range of plasma membrane GLUT 4 would still be found in the insulin-stimulated state which is clearly the more important situation for the pathogenesis of Type 2 diabetes. 2) It is not entirely clear whether in human skeletal muscle plasma membrane GLLrT 4 numbers represent the relevant fraction which determines the glucose transport rate.
There are no human data published which provide the basis for the first problem to be answered. The published data concerning the second problem are controversial. Based on animal studies two different models for the insulin stimulation of the glucose transport in skeletal muscle are proposed. Some authors favour a combined model of carrier translocation and activation as it is widely accepted for the fat cell [24] [25] [26] , while others suggest that in the skeletal muscle only carrier activation occurs [27] . Klip et al. [24] [25] [26] studied subcellular fractions of rat skeletal muscle in the basal and insulin-stimulated state and found an insulin-dependent increase of GLUT 4 labelling in the plasma membrane fraction and a decrease in the LDM-fraction suggesting that the plasma membrane fraction of GLUT 4 is the relevant factor controlling glucose uptake. In contrast to this in a recently conducted morphological approach Friedman et ai. [39] did not see any immunolabeUing of GLUT 4 in plasma membranes of human skeletal muscle either under basal or under insulin-stimulated conditions. According to their observations glucose transport may occur across the transverse tubule membrane and glucose transporters are possibly translocated to this membrane system from an intracellular pool.
In summary, further studies defining the mechanism of insulin action on the transporters in human skeletal muscle are required before it wilt be possible to evaluate a potential contribution of an abnormality of the muscle glucose transport system to the pathogenesis of insulin resistance.
